Summary Regeneration patterns of Pinus sylvestris L. juveniles in central Siberian glades were studied in relation to cold-induced photoinhibition. Spatial distribution of seedlings in different height classes revealed higher seedling densities beneath the canopy than beyond the canopy, and significantly higher densities of seedlings < 50 cm tall on the north side of the trees. These patterns coincided with differences in light conditions. Compared with plants on the north side of canopy trees (north-exposed), photosynthetic photon flux (PPF) received by plants on the south side of canopy trees (south-exposed) was always higher, making south-exposed plants more susceptible to photoinhibition, especially on cool mornings. Chlorophyll fluorescence data revealed lower photochemical efficiency and increased non-photochemical quenching of small (20-50 cm in height), south-exposed seedlings from spring to early autumn, indicating increased excitation pressure on photosynthesis. Maximum rate of oxygen evolution was less in south-exposed plants than in north-exposed plants. Increased pools of xanthophyll cycle pigments and formation of the photoprotective zeaxanthin provided further evidence for the higher susceptibility to photoinhibition of south-exposed seedlings. A linear mixed model analysis explained many of the physiological differences observed in seedlings according to height class and aspect with early morning temperature and PPF as predictors. The link between photoinhibition and differential distribution of seedlings by height class suggests that photoinhibition, together with other environmental stresses, decreases the survival of small, south-exposed P. sylvestris seedlings, thereby significantly affecting the regeneration pattern of central Siberian pine glades.
Introduction
Light can cause photochemical damage to foliage when absorbed in excess of photosynthetic capacity. In the short term, photochemical efficiency may decrease as a result of the protective increase in non-photochemical quenching (qN) of light energy (Demmig and Björkman 1987 , Osmond 1994 , Holt et al. 2004 ). In the long term, excess light causes sustained photoinhibition, mainly by damaging photosystem II (PSII) reaction center proteins (Kyle et al. 1987 , Adams et al. 1995a . At low temperatures (Öquist et al. 1987 , Huner et al. 1998 , Öquist and Huner 2003 , when photosynthetic energy flow is limited by the rate of carboxylation and the Calvin cycle, the imbalance between light absorption and energy consumption increases the excitation pressure on PSII (Huner et al. 1998) . Mechanisms providing protection against photo-oxidative damage from increased excitation pressure include qN of excess light, mainly attributable to pigments of the xanthophyll cycle and the light-dependent conversion of violaxanthin to zeaxanthin (Verhoeven et al. 1998 , Ensminger et al. 2004 . In evergreen boreal conifers, like Pinus sylvestris L., sustained formation of zeaxanthin is part of the cold-hardening process by which a tree adjusts metabolically to winter conditions. This seasonal down-regulation of physiological activity protects the needles from photo-oxidative damage during cool winter weather (Ottander et al. 1995 , Ensminger et al. 2004 . During spring, an increase in temperature induces the reorganization of the photosynthetic apparatus of P. sylvestris.
In the boreal zone, the solar angle is generally low in spring, which has important consequences for understory seedlings, which, typically, are then at the most vulnerable stage of their life cycle (Koslowski and Pallardy 1997) . The generally open nature of boreal canopies and the selective shading effect of overstory trees expose seedlings growing on the south side of parent trees (south-exposed) to a significantly higher photosynthetic photon flux (PPF) than that experienced by seedlings on the north side of parent trees (north-exposed). We predict that the different amounts of sunlight to which the understory seedlings are exposed combined with the typical subzero morning temperatures in such climates differentially affects photochemistry of north-and south-exposed seedlings.
Although P. sylvestris is generally considered shade intolerant (Nikolov and Helmisaari 1992) , observations in Siberia showed a clustering of regeneration on the northern side of parent trees (Figure 1 ). Similar patterns have been observed in an alpine tree line ecotone of Picea engelmannii Parry ex Engelm. and Abies lassiocarpa (Hook.) Nutt. (Germino et al. 2002) . These findings suggest that, under extreme conditions (clear skies and low temperatures), photoinhibition is a determinant of regeneration patterns. Moreover, severe photoinhibition can reduce the growth (Lundmark and Hällgren 1987 , Farage and Long 1991 , Close et al. 2002 and survival of seedlings in subalpine and boreal climates (Ball et al. 1991 , Holly et al. 1994 , Germino and Smith 1999 . Therefore, we assessed whether sustained photoinhibition is ecologically significant in structuring open boreal stands with a crown cover of less than 30%, a common feature of the central Siberian landscape. Specifically, we (1) analyzed spatial distribution patterns in the understory regeneration of these forests and the densities of juveniles in different height classes; (2) linked these observations with differences in the photosynthetic characteristics of Scots pine seedlings; and (3) tested the hypothesis that seedling distribution is linked to the alleviation of photoinhibition by canopy shade.
Materials and methods

Study site
Located at the eastern edge of the west Siberian lowland on the Yenisei River, 800 km north of Krasnoyarsk, the study area included unmanaged Scots pine forests on alluvial sand dunes surrounded by peat bogs (Wirth et al. 1999) . Mean annual temperature is -3.8°C and the growing season is limited to 173 days with mean air temperatures above 0°C and 91 days with a mean air temperature above 10°C (Schulze et al. 2002) . Mean annual precipitation is 535 mm, of which 70% occurs as summer rainfall. The summer water balance is close to zero (Kelliher et al. 1998) and there is no permafrost.
The study site (66°44′ N, 89°22′ E), a glade, had a low density of canopy trees (hereafter referred to as parent trees) with regeneration concentrated beneath them. The mean height of the parent trees was 9.7 ± 1.5 m, with an approximate age of 180 years. The density of parent trees (diameter at breast height > 50 cm) was 130 ha -1 , with a crown cover of 30.3% and a basal area of 7.1 m 2 ha -1 . About 60% of the podzolic soil was covered with lichen (Cladonia and Cladina ssp.) and Vaccinium vitis-idaea L. For additional details, see Wirth et al. (1999) .
Regeneration patterns
Transects 2 m wide were established around 23 parent trees, extending 5 m both south and north (Figure 2a ). Within the transect were three subareas: outside the crown projection area (CPA); the southern CPA; and the northern CPA. The number of individuals in each area was recorded in the following height classes: 0-5 cm; 5-20 cm; 20-50 cm; 0.5-2.0 m; 2-4 m; 4-6 m; and 6-8 m.
Micrometeorology
Micrometeorological data were recorded from March 15 to September 17, 2002, within the CPA of one typical parent tree with understory regeneration (Figure 2b ). Air temperature was measured at a height of 1.5 m at a distance of 1.5 m from the trunk of the parent tree in both the northern and the southern CPA (Pt 100, Vaisala Oyj, Helsinki, Finland). Incident PPF was measured, with photosynthetically active radiation (PAR)-calibrated BPW-21 photodiodes (Siemens AG, Munich, Germany) at eight points along the north-south transect under the parent tree. All sensors were connected to a data logger (Delta-T Devices, Cambridge, U.K.). Data were recorded at 10-s intervals and used to calculate and record 10-min mean values.
Parent tree plots
For three parent tree plots, each consisting of a parent tree and the juveniles within the CPA and including the micrometeorology plot, four groups of juveniles were distinguished: individuals 20-50 cm tall on the north and on the south side of the trunk of the parent tree, and individuals 70-150 cm tall on the north and south side (Figure 2c ). These groups are hereafter referred to as S N (small north), S S (small south), L N (large north) and L S (large south). Preliminary mapping of the regeneration patterns suggested that seedlings between 5 and 50 cm tall suffered the highest mortality in high-light environments; 1140 SLOT ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 Figure 1 . Regeneration of Pinus sylvestris under a parent tree, showing the typical clustering of seedlings on the north side (right of the parent tree) compared with the smaller number of smaller trees on the south side (left of the parent tree). During the morning in spring, when the sun angle is low, the parent tree canopy casts shade over the seedlings on the north side, whereas the seedlings on the south side of the parent tree are exposed to full sunlight.
however, because needles of seedlings from the 5-20-cm size class were too small for repeated sampling, seedlings in the 20-50-cm size class were the smallest seedlings studied.
Sampling
Exposed second-year needles were collected from the upper branches of three plants per size class around solar noon. A subsample was immediately immersed in liquid nitrogen for later analysis of pigments, nonstructural carbohydrates and stable isotopes (Foliar 13 C) and the remaining 20-30 needles were taken to the laboratory for physiological measurements. Samples were collected from each of the three plots in spring (May 5, 7 and 9, 2002) , early summer (June 5, 6 and 7, 2002) , late summer (August 20 and 23, 2002) and early autumn (September 25, 2002) . On each sampling day, samples of all size classes were taken. Sampling was repeated on the next or following days, again from all classes, to ensure that differences between the size classes did not represent day-to-day variations in temperature and PPF.
Experimental plots
To study the effects of shading on photosynthesis under controlled conditions, seedlings 20-50 cm tall were either exposed to full sunlight or artificially shaded after removal of the parent tree ( Figure 2d ). Shade was provided by pyramidal frames covered with shade cloth that reduced direct irradiance by 70%. Six seedlings that were previously beneath the canopy of the removed tree were monitored. Of these, three were artificially shaded, whereas three were unshaded. Sampling and measurements were performed shortly after snowmelt (May 12, 2002) and 1 month later (June 11, 2002) . On both occasions, samples were taken from second-year needles around solar noon. Treatment and plot samples were pooled for further measurements and analysis.
Field measurements
From spring until early summer and from late summer until early autumn, chlorophyll fluorescence of PSII was regularly measured in the field. Optimum quantum efficiency of PSII, estimated by the ratio of variable to maximum chlorophyll fluorescence (F v /F m = (F m -F 0 )/F m , where F 0 = instantaneous fluorescence at open PSII centers), was measured after 20 min of dark adaptation, using dark leaf clips attached to the fiberoptics of a PAM-2000 portable fluorometer (Heinz Walz GmbH, Effeltrich, Germany). On each occasion, three northerly exposed plants and three southerly exposed plants from each of the 20-50-and 70-150-cm size classes were measured at each of three parent tree plots. For the experimentally manipulated plots, F v /F m was measured seven times between May 12 and June 11, 2002.
Laboratory measurements
Photosynthetic activity of P. sylvestris was studied in the laboratory based on measurements of chlorophyll fluorescence, photosynthetic oxygen exchange and analysis of photosynthetic pigments. The response of photosynthetic oxygen evolution to saturating PPF (1200 µmol m -2 s -1 ) (P 1200 ) was measured on needle discs in a leaf chamber (LD2/3, Hansatech, King's Lynn, U.K.) with a Clark-type electrode. Simultaneously, chlorophyll fluorescence was recorded with a TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PHOTOINHIBITION AND REGENERATION OF SCOTS PINE 1141 Figure 2 . Experimental design of the field plots. Twenty-three parent tree plots of the design shown in (a) were analyzed for regeneration distribution. Meteorology was recorded in one plot (b). Samples for measurement of photosynthetic capacity were taken from three independent plots as shown in (c). Three independent plots were used for experimental shading of nine seedlings after removal of the parent tree (d) (᭡ = shaded seedling). For laboratory measurements, pigment and carbohydrates analysis samples were pooled by treatment and plot. Field measurements were made on all individuals.
PAM-2000 fluorometer (Ensminger et al. 2004) (Adams et al. 1995a (Adams et al. , 1995b . During deep, sustained quenching of excitation energy by a photosystem primed for winter conditions, F m measured after brief dark adaptation (e.g., a few hours) does not represent the fully relaxed value.
To overcome the problem of underestimation of F m during winter, we extrapolated relaxed (or summer) values assuming that F m at its optimum will exceed F 0 by a factor of five (Schreiber et al. 1994) . We then used this value to estimate qN. We believe this procedure yielded reasonable values of F m , because we obtained similar F m values during summer from direct measurements and by calculation. The same protocol was used to measure photosynthetic characteristics of seedlings in the experimentally manipulated plots before and 1 month after treatment.
Photosynthetic pigments
Frozen needle samples from the field were ground in liquid nitrogen and freeze-dried. Chlorophylls and carotenoids were extracted from subsamples of the freeze-dried samples according to Ensminger et al. (2004) . Total amounts of chlorophyll and carotenoids were determined spectrophotometrically (Helios, ThermoSpectronics, Cambridge, U.K.), as described by Lichtenthaler (1987) . Pigment composition was analyzed by high performance liquid chromatography (HPLC) (Agilent 1100, Agilent Technologies, Palo Alto, CA) with a reversed phase C-18 column (Knaur, Berlin, Germany).
Foliar δ 13 C
The relative abundance of stable isotopes of carbon in combusted samples was determined as described by Werner and Brand (2001) on subsamples of the freeze-dried foliar samples used for pigment analysis.
Nonstructural carbohydrates
Soluble sugars were extracted from a subsample of the freeze-dried samples according to Ögren (1996) . The total pool of soluble sugars (predominantly glucose and fructose) was determined by the anthrone method (Jermyn 1975 ) in a Helios spectrometer (ThermoSpectronics), with α-D-glucose (Carl Roth GmbH, Karlsruhe, Germany) in 80% ethanol as a standard. Starch was determined by the anthrone method following extraction from the residues with perchloric acid (Iivonen et al. 2001) . Starch (Merck KGaA, Darmstadt, Germany) in 30% perchloric acid was used as a standard.
Statistical analyses
To determine whether the distribution of individuals across the three transect areas (outside the CPA, northern CPA and southern CPA) departed from randomness, the data for all parent trees were pooled for each height class. Randomness was evaluated by a χ 2 test. For each season, exposure effects on chlorophyll fluorescence parameters and pigment composition were analyzed by the paired t test. Differences between treatments were tested by repeated-measures analysis of variance (ANOVA). We also used repeated-measures ANOVA to test for differences between size classes.
Because insufficient material was available for some δ 13 C determinations, we allowed for missing data with the Restricted Maximum Likelihood (REML) method (Gilmour et al. 1995) to analyze seasonal effects on this parameter. The equation fitted was:
where δ ij is foliar δ 13 C, µ is the overall mean δ 13 C, α i + β j are fixed effects representing the effects of aspect and seedling height, respectively, S is a random seasonal effect that takes account of variation in δ 13 C with time of year, and e ij is the random (unexplained) error.
Risk of photoinhibition
Indicators for photosynthetic activity and photoinhibition were modeled with air temperature, PPF, exposure (aspect) and size class (size) as predictor variables in a linear mixed model, treating individual trees as a random factor. Aspect and size as intrinsic components of the study design were included in all models. The best predictive model was selected based on the Akaike Information Criterion (AIC). Statistical significance of individual predictor variables was assessed by the likelihood ratio test. All models were estimated with the maximum-likelihood method (Pinheiro and Bates 2000) as implemented in the lme-procedure in S-Plus 6.0 (Insightful, Reinach, Switzerland). To assess the significance of the selected predictor variables we used a stepwise approach: aspect and size were included in all models. We then added mean air temperatures at different times of the day (0600, 0900 and 1200 h). The best model was used in the next step, where we also included PPF at different times of day. Finally, we tested for interactive effects between temperature and PPF.
The micrometeorological parameters obtained from one plot do not contribute to an explanation of differences between plots. They provide, however, a parsimonious and biologically reasonable explanation of differences between seasons that are shared by all plots.
Results
Regeneration patterns
Seedlings less than 20 cm tall occurred at significantly higher densities outside the CPA than inside the CPA, whereas seed-lings 20-50 cm tall were more often found within the CPA and on the north side of the parent tree (Table 1, Figure 3 ). Seedlings > 50 cm tall grew almost exclusively within the northern CPA. Random regeneration patterning was rarely observed across the areas examined. Seedling densities of the two smallest size classes, 0-5 and 5-20-cm-tall seedlings, were similar, indicating a transition probability (P t ) of P t = 0.8 for seedlings < 5 cm tall reaching the 5-20-cm size class when located outside the CPA. In contrast to the 5-20-cm size class, seedling densities in the 20-50-cm size class outside the CPA were low: the P t for seedlings in the 5-20-cm size class reaching the next size class was only 0.09. However, in the > 50-cm size class, no significant decrease in seedling density was observed, resulting in P t = 1. Estimated transition probabilities were significantly higher beneath the canopy than outside the canopy for seedlings in the 5-20-and the 20-50-cm size classes (P t = 0.33 and 0.93, respectively), but unlike the pattern observed outside the CPA, a decrease in seedling density persisted throughout the taller size classes. Seedling densities also differed between southern and northern CPAs. The transition probability for seedlings in the 5-20-and the 20-50-cm size classes was significantly greater on the north side of the trees (P t = 0.39 and 0.95, respectively) than on the south side (0.20 and 0.84, respectively), whereas for more mature seedlings, the transition probabilities were similar on the north and south sides of the trees.
Micrometeorology
Within the CPA, there were large differences in the light environment of the studied trees, with the southern and northern CPAs being clearly differentiated as high-light and low-light habitats, respectively (Figure 4) . A comparison of diurnal patterns showed increased irradiance in the southern CPA early in the morning, with midday PPF generally twice as high as in TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PHOTOINHIBITION AND REGENERATION OF SCOTS PINE 1143 the northern CPA ( Figure 5 ). Differences in air temperatures were typically less than 2°C between south and north aspects throughout the study period ( Figure 5 ). The diurnal patterns of air temperature in spring ( Figure 5 ) changed rapidly with morning temperatures between -3 and -5°C and rising to more than 5 °C early in the afternoon. (Figures 6a and 6b ). Repeated-measures ANOVA revealed higher F v /F m values in north-exposed plants than in south-exposed plants (P < 0.05), and larger seedlings had higher F v /F m values than smaller seedlings (P < 0.05). Photochemical efficiency (∆F/F m ′) in saturating light (1200 µmol m -2 s -1 ) was lowest in spring (May 5-9), highest in summer (August 20-23), and slightly lower in early autumn (September 25) (Figures 6c and 6d) . For 20-50-cm-tall seedlings from the southern CPA, ∆F/F m ′ was consistently lower than for similar-sized seedlings from the northern CPA, whereas there was no effect of exposure on ∆F/F m ′ of seedlings in the 70-150-cm size class (Figure 6d ). Radiationless dissipation of excess light is illustrated by qN in Figures 6e  and 6f . Irrespective of season, qN was higher in south-exposed plants in the 20-50-cm class than in the 70-150-cm class, and was slightly lower in north-exposed seedlings in the 70-150-cm class than in the 20-50-cm class, except in spring (Figures 6e and 6f ) .
Chlorophyll fluorescence and gas exchange
Throughout the study, rates of photosynthetic oxygen evolution at saturating light (1200 µmol m -2 s -1 ), P 1200 , were considerably higher in north-exposed seedlings than in southexposed seedlings in the 20-50-cm size class (Table 2 ). In contrast, the difference between north-and south-exposed plants was less pronounced among larger plants, and P 1200 did not differ systematically between L S and L N . Decreased P 1200 was observed in seedlings in the 20-50-cm size class in late summer, particularly for S S individuals, perhaps in response to summer soil water deficits.
Photosynthetic pigments
Chlorophyll concentrations increased from spring until summer, but the effect of aspect was apparent only in seedlings of the smaller size class (Figure 7a ). Both the ratio of xanthophyll cycle pigments (V = violaxanthin, A = antheraxanthin and Z = zeaxanthin) per chlorophyll (VAZ Chl -1 ) and the de-epoxidation state of the xanthophyll cycle pigments (DEPS) were highest in spring (Figures 7c-f) . Within the 20 -50-cm size class, north-exposed seedlings had consistently lower concentrations of VAZ Chl -1 and lower DEPS compared with southexposed seedlings (Figures 7c and 7e) . For the 70-150-cm size class, differences between aspects were smaller and less systematic for VAZ Chl -1 and DEPS (Figures 7d and 7f ). Most significant was the difference between small and large seedlings: VAZ Chl -1 and DEPS were typically five to six 1144 SLOT ET AL.
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Experimentally manipulated plots
After 1 month of light manipulation, F v /F m had increased in seedlings in both treatments (Table 3) , and it was significantly higher in shaded seedlings than in exposed seedlings. During early spring, ∆F/F m ′ values were low and few differences existed between shaded and sun-exposed plants. One month after the imposition of shading, ∆F/F m ′ had increased-confirming the recovery of functional PSII as suggested by the increased F v /F m values-and the capacity for photosynthetic electron transport in the light also increased. However, F v /F m was significantly lower in exposed seedlings than in shaded seedlings, which the higher qN values confirmed. Nevertheless, after 1 month, P 1200 did not differ significantly between exposed and shaded plants (8.55 ± 1.86 and 10.36 ± 2.08 µmol m -2 s -1 , respectively; Table 4 ).
Within 1 month following application of the shading treatment, chlorophyll concentrations of shaded seedlings were twice those of unshaded plants, indicating increased capacity for light absorption (Table 3 ). In addition, shaded seedlings contained only about one third the quantity of xanthophyll cycle pigments as exposed plants. In contrast, exposed plants exploited the photoprotective function of zeaxanthin: DEPS was as high as 0.774 ± 0.074 mol mol -1 . Shaded seedlings retained xanthophyll cycle pigments principally as violaxanthin.
Foliar δ 13 C composition
Seasonally adjusted foliar δ 13 C, used to assess variations in the ratio of intercellular to ambient CO 2 concentrations (C i /C a ) (Table 4) , showed a statistically significant effect for both aspect and size (P < 0.05) but no interaction between aspect and size. The less negative δ 13 C values for south-exposed seedlings suggest a lower C i /C a ratio, and may reflect increased soil water deficits reducing stomatal conductances; however, differences were small and variations might also be attributable to light-induced differences in leaf anatomy and internal conductances for CO 2 diffusion (Syvertsen et al. 1995) .
Nonstructural carbohydrates
In small plants from north and south CPAs, as well as in large plants from south CPAs, amounts of soluble sugars (17.8-18.4% of DM)) and starch (3.0-3.2% of DM) in needles were similar (Table 4) . Among seedlings, only needles from 70-150-cm-tall north-exposed plants had significantly greater amounts of soluble sugars (22.0% of DM, one-way ANOVA, P < 0.05; Table 4 ). The pooled data showed that starch concentrations from spring to autumn did not change significantly within groups. Nevertheless, as indicated by the mean of all groups, starch concentrations were higher during early summer (5.0 ± 0.8% of DM) compared with spring, late summer TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Table 2 . Seasonal changes in net photosynthetic oxygen evolution at a photosynthetic photon flux (PPF) of 1200 µmol m -2 s -1 (P 1200 ) in Pinus sylvestris seedlings. Each value represents the mean of three independent measurements ± SD (n = 3); in autumn, pooled samples of three plants per plot were used. and autumn (3.5 ± 1.3, 2.8 ± 0.6 and 2.6 ± 0.8% of DM, respectively) (one-way ANOVA, Tukey's test, P < 0.05).
Risk of photoinhibition
A linear mixed-model analysis was used to determine if low morning temperatures and a higher PPF accounted for the increased risk of photoinhibition in south-exposed seedlings compared with north-exposed seedlings. Likelihood ratio tests directly assessed the importance of each variable added to the model (Table 5) , and the Akaike Information Criterion (AIC) was used to compare the relative predictive performance of the models. The nature and number of independent variables that provided the best model fit varied between the different indicators for photosynthesis and photoinhibition (Table 5) . For F v /F m , the highest-ranking model (with the lowest AIC) included aspect, size, air temperature at 0600 h (T 06.00 ), PPF at 0900 h (PPF 09.00 ) and the interactive effect of T 06.00 and PPF 09.00 . Although aspect and size had no significant effect on F v /F m , we found that increases in T 06.00 led to increased F v /F m , whereas increases in PPF 09.00 led to a decrease. The significant interaction effect shows that the decrease induced by higher PPF 09.00 was less at higher temperatures (Table 5) .
The same set of predictor variables explained the degree of qN (AIC -166.36), but omitting the interaction between T 06.00 and PPF 09.00 improved the model, as the lower AIC of -168.36 indicates.
Aspect, size, T 12.00 , PPF 09.00 , and the interaction of T 12.00 and PPF 09.00 provided the best model for net photosynthesis (AIC 204.54). However, the predictive performance of a similar model without the interactive effect of T 12.00 and PPF 09.00 was slightly better (AIC 202.90) .
Low morning temperatures (T 06.00 ) and PPF 09.00 were important parameters for explaining differences in the amount of xanthophyll cycle pigments. Again, the interactive effects of temperature and PPF did not improve the model. The best model to explain the formation of zeaxanthin and antheraxanthin from violaxanthin (DEPS) used T 12.00 in addition to aspect and size (AIC = -33.27). However, the AIC value in a more complex model that added PPF 12.00 provided a similar AIC value (-31.57), emphasizing the overall importance of temperature and light as predictors.
Discussion
Photosynthetic acclimation reflects environmental differences
Differences in photosynthetic characteristics of south-and 1146 SLOT ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 -1 ) (e, f). Each value is the mean of three measurements in each of three parent tree plots ± SD. Table 3 . Effects of artificial shading on photosynthetic parameters of Pinus sylvestris seedlings. Each value represents the mean of three independent measurements ± SD (n = 3); * = significant difference between shade treatments P < 0.05; and ** = P < 0.01(t test). Abbreviations: F v /F m = optimum quantum yield of photosystem II; ∆F/F m ′ 1200 = photochemical efficiency at saturating light (1200 µmol m -2 s -1 ); qN 1200 = non-photochemical quenching at saturating light; P 1200 = rate of oxygen evolution at saturating light (µmol O 2 m -2 s -1 ); Chl a + Chl b = total chlorophyll (mg g DM -1 ); VAZ Chl -1 xanthophyll cycle pigments per chlorophyll (mmol mol -1 ); and DEPS = (0.5A + Z)(VAZ) -1 , de-epoxidation status of xanthophyll cycle pigments (mol mol -1 ). north-exposed seedlings ( Figure 5 ) were associated with effects of aspect on seasonal and diurnal light conditions. Seasonal changes in photosynthetic physiology, such as the rapidly changing chlorophyll fluorescence parameters in spring (Figure 6 ), were, however, superimposed on the differences attributable to aspect and size. Nevertheless, comparative observations made at several stages throughout the growing season allow us to differentiate transitional differences from those attributable to aspect and size. Optimum quantum yield indicated decreased maximum efficiency of PSII in S S plants that persisted throughout the measurement period (Figure 6 ). This confirms the results of the shading experiment, which revealed a negative relationship between F v /F m and exposure to increased PPF, indicating that excess PPF decreases the quantum yield of photosynthesis. Similarly, ∆F/F m ′ and P 1200 reflected impaired photosynthetic efficiency of the south-exposed unshaded plants compared with north-exposed shade plants ( Figure 6 , Table 2 ).
Decreased photosynthetic efficiency in S S plants was consistent with the greater fraction of excitation energy quenched non-photochemically, involving the photoprotective properties of the xanthophyll cycle ( Figure 7 , Table 3 ). This entails the light-dependent conversion of the xanthophyll violaxanthin into the protective form zeaxanthin (Adams et al. 1995a ). Both the total pool of VAZ and the conversion of violaxanthin TREE PHYSIOLOGY ONLINE at http://heronpublishing.com PHOTOINHIBITION AND REGENERATION OF SCOTS PINE 1147 Table 4 . Differences in δ 13 C values and carbohydrate concentrations in needles of Pinus sylvestris seedlings as the means for all samples taken over the growing season. Data represent mean of n = 9 -11 ± SE. For soluble sugars and starch, different letters indicate significant differences between seedlings at P < 0.05 (one-way ANOVA and LSD post hoc test). into zeaxanthin were about 25-30% higher in S S plants than in S N plants (Figure 7) . A consistent pattern was also observed between sun-exposed and artificially shaded plants (Table 4) . Such up-regulation of the pool of VAZ and the constitutive increase in DEPS are typical for plants experiencing increased excitation pressure as a result of high PPF or conditions unfavorable for photosynthesis (Adams et al. 1995a , Ensminger et al. 2001 , Müller et al. 2001 , and are especially well documented for cold-stressed evergreen conifers (Ottander et al. 1995 , Ensminger et al. 2004 ) and eucalypts (Close et al. 2002) . Evidently, south-exposed plants acclimated in response to increased PSII excitation pressure. The above-mentioned responses are thought to be protective processes to avoid photooxidative damage; however, constant exposure to unfavorable conditions also induces severe stress and sustained increases in PSII excitation pressure. In the long term, cold-induced chronic photoinhibition likely affects plant fitness as shown in overwintering Brassica napus L. and evergreen Eucalyptus pauciflora Sieber ex A. Spreng. (Farage and Long 1991, Ball et al. 1997) . Because detailed physiological measurements on seedlings less than 20 cm tall could not be included in this study, we cannot provide the biochemical data for plants in the size class with the highest mortality rates (Table 1) .
Effect of morning temperatures
Differences in F v /F m of south-and north-exposed seedlings were largest in spring (14 and 10% lower F v /F m in S S and L S compared with S N and L N , respectively) ( Figure 6 ). In spring, when low morning temperatures increase susceptibility to photoinhibition (Ball et al. 1991, Blennow and Lindkvist 2000) , air temperature in the CPA did not differ substantially between north and south areas. However, because the southern CPA was illuminated about 1 h earlier, the temperature, when needles first intercepted direct sunlight, was about 2-3°C lower on the south side than on the north side of the parent tree ( Figure 5b ). Therefore, growth conditions on the south side promote cold-induced photoinhibition, a conclusion supported by results of the mixed-model analysis. For three out of five indicators of photoinhibition (F v /F m , qN and VAZ Chl -1 ), early morning temperature (T 06.00 ) contributed significantly to the quality of the model (Table 5) . Except for DEPS, the differences in PPF at 0900 h significantly improved the models, supporting the hypothesis that early morning cold-induced photoinhibition is linked to the observed spatial pattern of regeneration.
Smaller plants more affected
When reorganization of the photosynthetic apparatus was completed in late spring, the north-south difference in photosynthetic characteristics and pigment composition persisted in the 20-50-cm plants. Compared with the larger size class, the smaller plants placed a large demand on the photoprotective properties of the xanthophyll cycle during summer, as indicated by a two-to eightfold increase in the amount of DEPS during early and late summer (Figures 7e and 7f) . Within the small size class, S S plants always showed higher physiological indicators of light stress than S N plants. Persistently high zeaxanthin concentrations must have primed the photosystems of small and especially S S plants for increased dissipation of excess light by protective qN throughout the year. Apparently there was no such strict acclimation to light-stress for L S plants. Because photosynthetic characteristics of large (L S and L N ) plants were similar once the plants had recovered from winter stress, we conclude that larger plants have sufficient reserves to repair and maintain the photosynthetic machinery in spring.
Does photoinhibition reduce survival?
Our results support the findings of Ball et al. (1991) and Holly et al. (1994) , which showed a relationship between distribution of regeneration and photoinhibition in the evergreens Eucalyptus pauciflora Sieb. ex Spreng. and E. polyanthemos Schauer., respectively. Asymmetries in the structure of the seedling population and differences in P t from one size class to the next (Table 1 ) might reflect greater mortality and slower growth at sites where the seedlings were subject to more frequent and more prolonged excess irradiance combined with lower minimum temperatures. Germino et al. (2002) recently described similar asymmetrical patterns of conifer seedling distribution based on a correlation between meteorological data and the frequency of occurrence of young conifers at the alpine tree line. Without actually measuring photosynthesis or photoinhibition, the authors concluded that seedling survival was strongly affected by high sunlight and low temperature. However, Adams et al. (1995a) argue that photoinhibition and the excess energy dissipation process are unlikely to limit growth or establishment of juveniles in the field. Instead, the protective photoinhibition mechanism indicates the degree of stress experienced by the plants, assuming that environmental stress factors limit the utilization of absorbed light energy.
This may be the case in our study because we found a qualitative relationship between putative mortality and lower growth rate, as reflected in asymmetries in the structure of the seedling populations (Table 1) and photoinhibition in small seedlings ( Figure 6 , Table 6 ). Despite the observed chronic suppression of photosynthetic efficiency, we have no direct evidence that photoinhibition kills seedlings, and the analyses of soluble carbohydrates and starch contents of the needles of exposed and shaded seedlings showed no significant differences (Table 3) , contrary to what would be expected if chronically photoinhibited plants starved to death.
An earlier study on growth rates of seedlings (20-50 cm tall) at the same site found that height growth of surviving south-exposed seedlings surpassed that of north-exposed plants (C. Wirth, Max-Planck-Institut für Biogeochemie, Jena, Germany, unpublished data). Although these results were not surprising, considering that P. sylvestris is a shade-intolerant tree (Nikolov and Helmisaari 1992) , this contrasts with the reduced photosynthetic capacity of high PPF-exposed seedlings documented here. We conclude that high PPF-exposed seedlings have a lower chance of survival than seedlings exposed to lower PPF. But once established, high-PPF-exposed plants have higher growth rates and probably an increased probability of long term-survival. Germino et al. (2002) suggested exposure to excess light exacerbated the effects of low temperature and water stress, thus inhibiting the establishment of conifer seedlings at the alpine tree line. Similarly, in boreal glades, greater susceptibility to soil water deficits may interact with chronic photoinhibition to increase mortality of S S plants. During summer, the soil water content in the rooting zone of the sandy soil was as low as 0.02 g g -1 and with no difference between the northern and the southern aspects (M. Slot, unpublished data). Probably because smaller plants had not yet developed a deep taproot, the S S plants may have been more prone to desiccation than their northern counterparts (soil water deficit here is reflected by the least negative δ 13 C values in S S seedlings) ( Table 3 ). Values of δ 13 C in S N , as well as in the larger size class, were significantly more negative. Reduced susceptibility to soil water deficit in addition to light stress may also explain why, despite experiencing a similar light environment to that of S S seedlings, L S seedlings showed no symptoms of light stress during summer.
Whether the interaction between drought stress and chronic photoinhibition kills small south-exposed plants deserves further attention. Herbivory is another important factor that may alter regeneration patterns. However, herbivory by capercaillie (Tetrao urogallus L.) as a potential cause of seedling mortality has been observed in our study area only on recent burns, where needle nitrogen concentrations are twice the normal concentration (0.017 versus 0.008 g N g DM -1 ), and can therefore be excluded. Moose prefer deciduous vegetation and are rare around our sites because of unregulated hunting.
In conclusion, we demonstrated that the photosynthetic capacity and efficiency of small plants (20-50 cm tall) exposed to high PPFs were reduced compared with plants growing in a more shaded environment. This pattern does not simply reflect dynamic inhibition of photosynthesis (Osmond 1994) . Instead, as revealed by the shading experiment, these patterns reflect sustained down-regulation of the photosynthetic apparatus as a result of the acclimation of photosynthesis to the prevailing environmental conditions. The higher mortality of south-exposed plants compared with north-exposed plants confirms that the distribution of P. sylvestris regeneration in the study area is linked to the alleviation of photoinhibition by canopy shelter. However, the mechanism underlying the relationship between photoinhibition and tree mortality may also involve drought stress interacting with photoinhibition. If so, both factors may be important in determining regeneration success and the structure of the boreal Siberian pine forest. Because we did not observe permanent north-south differences in the photosynthetic performance within the larger size class, we conclude that once juveniles become established, they are able to cope with the adverse environmental conditions and mortality is no longer caused by high irradiances.
